INTRODUCTION
There are 20 inherited neurodegenerative diseases caused by expanded repeat sequences, including Huntington's disease (HD) and a series of related movement disorders termed spinocerebellar ataxias (SCAs) that are usually late-onset and progressive, leading to death after 15 -20 years (1, 2) . The various repeat expansions that give rise to human genetic disease exhibit a number of common properties. Each arises from a repeat that exhibits polymorphism in the human population and the disease alleles arise from increases in copy number of the longest of these to beyond a critical threshold. The repeat composition varies, but most are trinucleotide repeats. In some diseases, the repeat expands to the point where gene expression is either substantially reduced or lost altogether, resulting in loss-of-function of the gene in which they are located. Typically such diseases are inherited in a recessive manner. Many of these repeats, however, give rise to dominantly inherited diseases in a manner that is not genedose dependent, suggesting a gain-of-function mechanism rather than haploinsufficiency. Where expanded repeats are † The authors wish it to be known that, in their opinion, the first three authors should be regarded as joint First Authors. * To whom correspondence should be addressed. Email: robert.richards@adelaide.edu.au # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com translated, the repeat RNA generally codes for polyglutamine, however, the proteins in which they are located are all unrelated in the remainder of their amino acid sequence. These 'polyglutamine' diseases typically manifest as neurodegenerative and/or muscular diseases, some with a high degree of overlap despite affecting distinct proteins. Therefore much attention has been focused on expanded polyglutamine as the common basis of pathology. Another group of expanded repeat diseases, the 'untranslated' repeat diseases, have repeat expansions located within untranslated RNAs that cannot encode polyglutamine yet exhibit similar phenotypes (1, 3, 4) . The polyglutamine and 'untranslated' diseases also have similar disease allele copy number repeat pathogenic thresholds (HD CAG .36, SCA17 CAG .47, HD-like-2 CUG .44) suggesting shared pathways of pathogenesis.
Since expanded repeat-containing RNA is present in all of these dominant neurodegenerative diseases we, and others, have pursued the notion that RNA is a common pathogenic agent and that expanded repeat RNAs gain some common function that is toxic to cells (5 -7) . Precedence for this comes from the DM1 and DM2 repeat expansions that both give rise to myotonic dystrophy (8) . The repeat expansions are similar but, importantly, not identical (CUG and CCUG) and are located in untranslated regions (3 ′ UTR or intron) of two otherwise unrelated genes (DMPK and ZNF9). Expanded allele RNAs from both repeats are able to bind and sequester alternative splicing factors (MBNL1 and CUG-BP) and in so doing, perturb the normal splicing pathways of proteins for which alternative splicing is a necessary step for their complete range of functions (9) . The consequent loss of these functions is thought responsible for at least some of the common symptoms exhibited in DM1 and DM2 patients. RNA as a pathogenic agent has subsequently been implicated in a number of the expanded repeat diseases (8) .
Single-stranded CAG RNA repeat pathogenesis has previously been investigated in the Drosophila model system (5 -7) and evidence has been reported for the ability of CAG containing expanded repeat RNAs to induce neuronal toxicity (6) . However, recently it has become clear that expanded repeat disease loci are typically transcribed from both strands raising the possibility that double-stranded RNAs are produced from these loci and account for toxicity (10) (11) (12) (13) . Yu et al. (14) have recently reported modelling of double-stranded RNA toxicity in flies. They established a Drosophila model for myotonic dystrophy (DM1) and tested the role of interactions between expanded CUG transcripts and expanded CAG repeat transcripts. This revealed toxicity in flies co-expressing CUG and CAG expanded repeats. The transient expression of the two transcripts led to the generation of Dicer-2 and Argonaute-2-dependent 21-mer triplet repeat-derived siRNAs. These findings raise the possibility that triplet repeat-derived siRNAs may play a role in the pathogenesis of human repeat expansion neurodegenerative diseases.
Using the Drosophila model system, we report evidence of double-strand repeat RNA toxicity in the nervous system that is dependent upon the activity of Dicer. Toxicity is evident as neurodegeneration and a movement disorder. The almost exclusive de novo appearance of (CAG) 7 mers [and absence of (CUG) 7 mers] has been identified as a signature of this pathway along with an altered endogenous miRNA profile.
RESULTS
Bidirectional expression of repeat RNA from a transgenic insertion within cheerio leads to dominant degenerative phenotypes Drosophila is well-established as a model system for the study of human neurodegenerative diseases (15) . The developing fly eye has been successfully used to study the pathology associated with expanded repeat neurodegenerative diseases through the ectopic expression of various human disease genes or their causative expanded repeat sequences (16 -22) . We and others have previously used Drosophila models to test the hypothesis that hairpin structures formed by rCAG 100 single-strand RNA could be a common pathogenic agent in the untranslated repeat RNA disease SCA type 12 and each of the polyQ translated expanded repeat neurodegenerative diseases (5 -7). We did not observe rCAG 100 single-stranded RNA-specific pathology in any but one of our lines [line C]. Ectopic expression of rCAG 100 [line C] in all cells of the eye (using GMR-GAL4) (23) resulted in a consistent mild disruption to the precise patterning of ommatidia on the exterior surface of the eye when compared to control lines (Fig. 1A-C ). Neurodegeneration associated with this phenotype was confirmed in sections of aged adult eyes, where the number of rhabdomeres in each ommatidial unit decreased significantly from the normal number of seven observed in controls ( Fig. 1E -G) . A decrease in lifespan was observed in flies ectopically expressing rCAG 100 [line C] under the control of a ubiquitous promoter, daughterless-GAL4 (24) (Fig. 1H) , while an increase in the proportion of flies that failed to climb was observed when this insertion was expressed throughout the nervous system (Fig. 1I ) using elav c155 -GAL4 (25) . Flies expressing rCAG 100 [line C] throughout the nervous system also showed a movement disorder involving a sudden loss of coordination in which flies would fall on their backs, followed by a brief period of uncoordinated movement in which they could not right themselves (Supplementary Material, Movie S1). This behaviour could also be induced by knocking flies to the bottom of the vial, and therefore may contribute to the observed failure to climb phenotype (Fig. 1I ). This effect was quantified at a higher temperature (378C) where increased incidence of the phenotype was observed compared with controls (Fig. 1J) .
Inverse PCR of the rCAG 100 [line C] transgene revealed its insertion into the endogenous cheerio gene and the presence of a rCUG 100 repeat-containing cheerio transcript was confirmed by RT -PCR (Fig. 1K and L and Supplementary Material, Fig. S1 ). The phenotypes observed after ectopic expression of rCAG 100 [line C] were not due to disruption of cheerio by transgene insertion, since the removal of one copy of cheerio had no effect on patterning of the eye (Fig. 1D and G) . In addition, each of the observed phenotypes was dependent on GAL4-driven expression of the repeat sequence (Fig. 1A-J Fig. S1 ). Our results, as well as previous studies, indicate that overexpression of cheerio is not responsible for the observed phenotypes (26, 27) (Fig. 1I) . Thus the rCAG 100 [line C] transgene acts in a GAL4-dependent, dominant manner and the ensuing pathology relies on the expression of both of the complementary repeat-containing transcripts.
Expression of complementary repeat RNA leads to Dicer-2-dependent neurodegeneration
Numerous expanded repeat human disease gene loci have been found to be bi-directionally transcribed across the repeats (10) (11) (12) (13) . This raises the question of whether complementary repeat-containing RNAs bind to each other to form perfect double-stranded RNA structures and thereby contribute to pathology in these diseases. We therefore hypothesized that the phenotypes observed in the rCAG 100 [line C] could be due to bidirectional transcription (Fig. 1K) . However, the level of repeat-containing double-stranded RNA and the resultant pathology would be limited by the endogenous expression level and tissue specificity of the cheerio gene. In order to model the pathogenic effects of complementary RNA repeat sequences independently of the cheerio gene, both rCAG 100 and rCUG 100 from randomly inserted transgenes were co-expressed (i.e. in trans) under the control of the UAS/GAL4 ectopic expression system. Ectopic expression of four transgenes encoding either rCAG 100 or rCUG 100 single-stranded RNA repeat sequences alone did not result in any effect on patterning of the Drosophila eye compared with negative controls (Fig. 2D , E and G; 7) despite comparable levels of expression as determined by qRT -PCR (Supplementary Material, Fig. S2 ). However, ectopic expression of two transgenes each of both rCAG 100 and rCUG 100 (referred to henceforth as rCAG.rCUG 100 or dsRNA) together resulted in a rough eye phenotype ( Fig. 2F and H). In this case, the co-expression of these complementary repeats would be expected to form a perfect double-stranded repeat-containing RNA (Fig. 2C ), in contrast to the mismatches predicted in hairpin structures for either of the single-strand repeat-containing RNA sequences alone ( Fig. 2A and B) . A range of phenotypes was observed in independent lines of rCAG.rCUG 100 that were designated strong (S1 -3) and medium (M1 -5) based on their severity (Supplementary Material, Fig. S3 ).
To gain insight into the molecular pathways involved in this novel form of pathogenesis, we then tested the ability of wellcharacterized double-stranded RNA processing pathways (28, 29) to modify the observed phenotype. The doublestranded RNA (rCAG.rCUG 100 ) rough eye phenotype was found to be dependent upon Dicer-2 activity, since reduction of endogenous Dicer-2 expression resulted in suppression of the rough eye phenotype (Fig. 2H-I and Supplementary Material, Fig. S4 ). In addition, the overall disruption observed in patterning of the internal structure of the eye was significantly reduced with decreased Dicer-2 dosage as revealed by sections through adult eyes ( Fig. 2J -L) . Conversely, increasing Dicer-2 levels resulted in lethality when co-expressed with rCAG.rCUG 100 double-stranded repeat RNA. At the lower temperature of 188C (with decreased levels of transgene expression), ectopic expression of either rCAG.rCUG 100 or Dicer-2 alone did not result in a phenotype, but together they resulted in a loss of pigment phenotype ( Fig. 2M -O) , indicating a dose-dependent pathogenic effect due to increased processing of the double-stranded repeat-containing RNA.
Although double-stranded RNAs are well-known substrates for Dicer-2/RNA-induced silencing complex (RISC) processing, there is also evidence for Dicer processing of rCAG and rCUG single-stranded RNAs that are predicted to form hairpin structures (28) . Thus the effects of Dicer-2 activity Fig. S5 ) suggesting different levels of toxicity and/or distinct processing pathways compared with rCAG.rCUG 100 double-stranded RNA repeat sequences.
We have genetic evidence of a role for Dicer-2/RISC processing in our model for rCAG.rCUG 100 pathogenicity in differentiating cells of the adult eye (Fig. 2G -O) . Since the expanded repeat diseases are characterized by neurodegeneration, we determined the effects of ectopic expression of double-stranded repeat RNA specifically in neuronal cells of Drosophila. Ectopic expression of rCAG.rCUG 100 using panneuronal driver elav c155 -GAL4 (25) resulted in a significant level of male lethality, while the females showed a mild phenotype in the adult eye ( Fig. 3A and B) . A significant enhancement of this phenotype was observed with ectopic Dicer-2 expression, indicating that Dicer-2/RISC processing of double-stranded repeat RNA occurs in neuronal cells ( Fig. 3C and D) . Ectopic expression of rCAG.rCUG 100 driven by an independent pan-neuronal driver (elav II-GAL4) (30) showed no effects on viability or defects in adult eyes. However, flies did show an age-dependent movement disorder (failure-to-climb phenotype) compared with the negative control and to flies expressing either of the single-stranded RNAs (Fig. 3E) . Thus ectopic expression of rCAG.rCUG 100 double-stranded RNA is also pathogenic in neuronal cells.
Complementary repeat expression leads to the formation of (CAG) 7 21mers and altered endogenous miRNA profiles in neurons
To investigate more specifically the contribution of Dicer processing to this neuron-specific pathogenicity, the pool of steady-state small RNAs from heads of these adult flies was sequenced. Using the SOLiD platform, we obtained between 1.5 and 2.6 million reads that mapped uniquely to the Drosophila genome. The raw colour-space data were also separately screened for the presence of CAG or CUG repeat-containing sequences. A large number of processed CAG repeats, predominantly the 21mer (CAG) 7 , in addition to a single CUG containing repeat were found in the rCAG.rCUG 100 double-stranded RNA sample that were absent from the negative control where no repeat RNA is expressed ( Fig. 3F and Supplementary Material, Table S1 ). In contrast, only a few processed repeats were detected when either of the single-stranded RNA repeats were expressed. These data support the hypothesis that the complementary rCAG 100 and rCUG 100 sequences form a two-tailed Student's t-test) compared with controls (n ¼ 70). * * * P , 0.001, error bars show s.d. At week 0 n ≥ 74 and at week 4 n ≥ 47. (F) Sequence reads of small RNAs containing frames of CAG repeats in heads of 1-day-old flies expressing rCAG.rCUG 100 with elavII-GAL4. A high abundance of reads containing 21 nt small RNA CAG repeats was observed. All flies used were males except in the case of (B) and (D) where the males showed significant lethality. rCAG 100 #1 and rCUG 100 #1 were used in (E). rCAG.rCUG 100 S1 line was used for all experiments.
Human Molecular
rCAG.rCUG 100 double-stranded RNA structure that is subsequently processed to normal constituent lengths for Dicer/RISC complexes (28), with a clear preference for loading, and therefore stabilization, of the CAG strand of the hybrid RNA. Precedents in the literature suggest that either (CAG) 7 21mers or perturbed Dicer function are responsible Expression levels of repeat-containing transcripts in flies expressing dsRNA with elavII-GAL4 as analysed by qRT-PCR and normalized to rp49. Each experiment included three biological replicates for each sample. Standard deviations for the three replicates are shown in SD. P-values were calculated with a two-tailed Student's t-test using the mean value of the biological replicates. Control is 4xUAS and dsRNA refers to rCAG.rCUG 100 S1. for the next step in pathogenesis (31) . The (CAG) 7 21mers could act to target endogenous CUG repeat-containing mRNAs essential for cell survival. However, we have quantified six Drosophila mRNAs containing eight or more CUG repeats and find no reproducible changes (P , 0.05) over and above biological variation (Table 1 ). In addition, no changes were observed in 12 transcripts containing eight or more CAG repeats (Table 1) . Alternatively, the normal function(s) of the Dicer processing pathway could be reduced by increased levels of dsRNA processing in our model. Removal of Dicer activity in specific neuronal cell types has been shown to result in neurodegenerative phenotypes (32, 33) . Consistent with this second prospective pathway, miRNA sequence analysis revealed ten different miRNAs (.1000 reads) that showed more than a 2-fold change in expression levels (miR-7, miR-8, miR-11, miR-12, miR-34, miR-100, miR-307, miR-317, miR-932 and miR-988) ( Table 2) .
DISCUSSION
Identification of the molecular pathways linking mutation to clinical symptoms in the dominantly inherited neurodegenerative diseases has proved extremely difficult. However, a common pathogenic pathway is clearly possible given the common molecular basis of their mutation and overlapping clinical symptoms of these diseases. Animal models afford the opportunity to explore alternative hypotheses on the nature of the pathogenic agents responsible for these diseases.
The data presented herein demonstrate that ectopic co-expression of complementary rCAG 100 and rCUG 100 repeat RNA sequences is toxic in Drosophila. These doublestranded expanded repeat RNAs are significantly more toxic than either of the single-stranded RNA sequences alone and the pathogenic effects are elicited via a distinct pathway. In addition, Dicer processing of the double-stranded RNA repeats is essential for the observed pathology. Co-expression of rCAG 100 and rCUG 100 RNAs in neuronal cells resulted in an abundance of (CAG) 7 sequences, indicating specificity in Dicer processing. These data identify a novel mechanism through which double-stranded repeat-containing RNAs cause neurodegeneration (Fig. 4) . Together with the observation of bidirectional transcription across expanded repeat disease loci, this implicates double-stranded repeat RNA as a potential pathogenic agent contributing to clinical symptoms common to the dominantly inherited expanded repeat neurodegenerative diseases. In support of this, perturbed Dicer activity and altered miRNA levels have been reported in other models of HD or polyQ diseases (34, 35) . Recently published data (26) demonstrate that expanded CAG and CUG repeat alleles are able to be translated internally in all three reading frames, through a mechanism known as repeat-associated non-ATG translation (RAN translation). It is thought that the predicted hairpin is acting as an Internal Ribosome Entry Site (IRES). In addition, RAN translation is copy number-dependent as 20 CAG repeats are insufficient, whereas 42 CAG repeats are sufficient for RAN translation. miR reads are normalized to account for variation in total number of miR reads between the samples. Significance was determined as a minimum of log2 (ratio) dsRNAvs control . +1 or , 21 (2-fold change) and a minimum of 1000 reads in at least one of the samples. Figure 4 . Toxicity of double-stranded repeat-containing RNA from bidirectional transcription of expanded repeat disease genes. Results from this study support a novel pathogenic pathway whereby an expanded repeat tract within a disease associated gene is bidirectionally transcribed. The two resulting RNA transcripts contain complementary expanded repeats that are able to form a perfect double-stranded RNA (dsRNA). Results indicate that this structure is processed by Dicer pathways to form 21mers with a strong preference for (CAG) 7 production. Neurodegeneration may then occur either via (CAG) 7 targeting of complementary endogenous transcripts that are important to neuronal survival and function or by perturbation of normal Dicer processing pathways, as indicated by the observed mis-regulation of endogenous miRNA levels.
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In our model, expression of four transgene insertions of expanded untranslated CAG or CUG repeat sequences does not result in a phenotype (7), while bi-directional expression of the single-copy CAG transgene within the cheerio gene or two copies each of CAG and CUG transgenes are sufficient to induce a visible phenotype in the Drosophila eye (Figs 1  and 2 ). Our data also reveal Dicer processing of doublestranded rCAG.rCUG 100 RNA to CAG 7 21mers, well below the repeat copy number required for RAN translation. Therefore, RAN translation does not appear to play a major role in RNA toxicity in the double-strand RNA model. However, as a consequence of the recent findings of Zu et al. (36) , homopolymeric amino acid sequences have emerged as a potential mediator of single-strand repeat RNA toxicity in the 'untranslated' repeat diseases. While this manuscript was in preparation, toxicity of CAG.CUG repeat-containing RNA was reported by Yu et al. (14) , where ectopic expression of dsRNA in the eye also caused toxicity that was dependent on endogenous Dicer-2 activity. Our studies and those of Yu et al. (14) are generally consistent, however, there are some important and noteworthy distinctions. First, we report an endogenous gene model of bidirectional transcription of an expanded CAG.CUG repeat locus and its phenotypic consequences. We fortuitously identified an insertion of our CAG repeat transgene into the cheerio gene of Drosophila, giving rise to CAG repeat-containing transcripts from one strand and CUG repeat-containing transcripts from the other, thus modelling the reported bidirectional transcription across the expanded repeat disease loci. Secondly, we find evidence of progressive neurodegenerative phenotypes and a movement disorder. Different promoter regions were used to drive expression of the dsRNA in each of the studies: we report persistent neuronal expression, resulting in neurodegeneration, whereas Yu et al. (14) use the 'heatshock' promoter to induce transient pathogenic RNA expression. The phenotypes we see for both the repeatcontaining cheerio allele and flies expressing double-stranded CAG.CUG RNA are degenerative (i.e. lifespan of the bidirectional cheerio line [line C] is shortened and the ability of CAG.CUG repeat flies to climb decreases with age). Thirdly, we observe specificity of Dicer double-stranded CAG.CUG RNA processing evident by the presence of CAG 21mer but not CUG 21mer. This almost total bias for CAG 21mers demonstrates distinction between the Dicer-2 processing of persistent neuronally specific versus transient ectopic expression of double-stranded CAG.CUG RNA as Yu et al. (14) observe similar levels of CAG and CUG repeat 21mers. We also quantified a series of CUG (and CAG) repeatcontaining endogenous mRNAs to assess their targeted degradation by CAG 21mer (or CUG 21mer) loaded RISC and see no reproducible changes in steady-state mRNA levels (Table 1) . Finally, our RNA deep sequencing data revealed changes in small RNA species with a significant and .2-fold change in 10 different miRNAs (Table 2) . Identification of the mRNA targets for these miRNAs and their consequent alteration in abundance and/or translation will be necessary to demonstrate whether these account for the role of Dicer in double-stranded CAG.CUG RNA pathogenesis.
In contrast to the findings reported here and by Yu et al. (14) , Sofola et al. (20) find that co-expression in Drosophila of both CGG and CCG RNAs suppresses the toxicity evident from expressing either of these RNAs alone. This suppression was also found to be Dicer-dependent implicating the formation of double-stranded RNA. It would therefore appear that there are distinct differences between mechanisms of CAG.CUG and CGG.CCG RNA toxicity, however, further experimentation will be required to verify this and establish its molecular basis.
Whatever the precise molecular pathway of Dicer-mediated pathogenesis, these observed molecular characteristics constitute a 'biomarker' fingerprint indicative of the activity of this double-stranded repeat-containing RNA pathogenic pathway. The identification of the presence of these biomarkers in affected tissues will enable demonstration of the activity of this pathway in human disease.
MATERIALS AND METHODS

Fly stocks
c155 -GAL4 (#458), elav c155 -GAL4;UAS-dcr2 (#25750), P{GAL4-elav.L}2/CyO (#8765 referred to as elavII-GAL4) and Df(3R)Exel6176(#7655) were obtained from the Bloomington stock centre. cher EP (3)3715 was obtained from the Szeged stock centre. dcr2
L811fsX was obtained from Prof. Richard Carthew (29) . GMR, dcr2
L811fsX / CyO stock was generated and verified by sequencing. GMR-GAL4, UAS-dcr2/CyO was generated by recombination.
Constructs
The UAS-rCAG 100 construct and single-copy transgenic lines used in this study have previously been described (5) . In brief, repeat-containing oligos (CAG 10 and CTG 10 ) were annealed and cloned to generate repeat-containing constructs with the longest repeat length obtained being 30 repeats. These constructs were then expanded using PCR-based methods to obtain repeat lengths of 100 perfect CAG repeats. Clones obtained in the opposite orientation correspond to the UAS-rCUG 100 constructs used in this study. UAS-rCUG 100 constructs were transformed into w 1118 and multiple transgenic lines (named alphabetically) were generated and mapped. Transgenic lines were checked for the size and composition of repeat sequences by PCR and sequencing of genomic DNA.
Multiple transgene insertion repeat lines
Multiple recombinant stocks were generated with two insertions of each repeat construct on either chromosome II and III (except rCAG 'J, K' which is on the X chromosome). Standard genetic crosses were used to generate four copy lines in the various combinations; 4xrCAG, 4xrCUG and 2xrCAG.2xrCUG. A control line was also generated using the UAS plasmid without any insert (UAS) which is an appropriate control for titration of free GAL4 by each of the four copy UAS repeat constructs. This was generated separately in the attB system (37) with inserts at genomic locations 22A, 58A, 68E and 96E which were then recombined
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Human Molecular Genetics, 2011, Vol. 20, No. 19 and flies carrying recombinant chromosomes were then crossed together to give the control line 'UAS'. The repeatcontaining constructs were kept in separate stocks from the GAL4 ectopic expression lines throughout the analyses. Expression levels of repeat sequences with the various ectopic expression drivers were determined by quantitative real-time PCR (Supplementary Material, Fig. S2 ).
Single-and double-stranded RNA transgenic combinations used in this study
Control.
UAS (22A,58A; 68E,96E)
Single-stranded RNA (rCUG 100 or rCAG 100 ). 
RNA purification
Five 1-day-old whole flies or 50 heads from 1-day-old adult females were used in each sample for quantitative real-time PCR (qRT-PCR). One hundred heads from 1-day-old adult males were used for RNA sequencing. The samples were frozen in liquid nitrogen and homogenized using Trizol (Invitrogen). Total RNA was extracted using chloroform and isopropanol precipitation. RNA for qRT-PCR was further purified using the RNeasy Mini Kit (Qiagen). RNA for sequencing was further purified by precipitation in sodium acetate and ice cold 100% ethanol.
Quantitative real-time PCR
RNA was DNAse (Invitrogen) treated and reverse transcribed using Superscript III (Invitrogen) and random hexamers. Power SYBR w Green mix (Applied Biosystems) was used to carry out qRT-PCR in triplicate in an Applied Biosystems ABI Prism 7000 Sequence Detection System (Applied Biosystems) and quantified using the Relative Standard Curve Method as outlined by Applied Biosystems. Expression levels were normalized to the house-keeping gene ribosomal protein 49 (rp49). The experiments were performed using three independent RNA preparations for each sample.
Drosophila primer pairs used in these experiments were: rp49 : GACGCTTCAAGGGACAGTATCTG/AAACGCG GTTCTGCATGAG, repeat-containing transgene: TGTGGTGTGACATAATTG GACAA/TGCTCCCATTCATCAGTTCC, 
Inverse PCR
Inverse PCR was performed using standard methods (38) , with enzyme MspI and primers, 5 ′ P element : CGCACACAAC CTTTCCTC/ATGAACCACTCGGAACCA, 3 ′ P element : CCTTAGCATGTCCGTGG/AGTGGATGTCTCTTGCCG.
cheerio RT -PCR
RNA from five 1-day-old adult males was purified and reverse transcribed as described discussed earlier. Primers used to amplify the repeat-containing cheerio transcript were (letters correspond to Fig. 1K and L 
Survival assays
Adult male flies were collected within 5 days post-eclosion and separated into populations no greater than 20 per vial. Flies were transferred to fresh food every 2 days at 258C and any deaths or escapes recorded. Survival analysis and log-rank tests were performed using Graphpad Prism 5.0a for Mac OS X (GraphPad Software, San Diego, CA, USA, www.graphpad.com). Escaping flies were entered as censored data.
Quantification of movement disorder
0 -3-day-old male flies raised at 298C were separated into individual vials then allowed to recover for 30 min. Vials were placed at 378C in a humid box for 60 min, then each vial was knocked and filmed for 60 s using a standard home video camera. Films were reviewed in Apple iMovie to determine the time that each fly spent on its back in the 60 s after the vial was knocked. Proportions were determined, and 95% confidence intervals calculated using a binomial distribution.
Climbing assays
Flies were collected and maintained as for survival assays, with each genotype separated into multiple sets with at most 25 animals per set. Climbing assays were performed by transferring flies to a 500 ml measuring cylinder (diameter 48 mm) sealed at the top with Parafilm. Multiple identical cylinders were used so that all genotypes could be tested in the same session. Tests were conducted by gently tapping the cylinder on the benchtop to knock flies to the bottom, then scoring the number of flies that remained below the 50 ml mark (height 27 mm) after 25 s. Five consecutive trials were conducted per set of flies, with an approximate 3 min rest between trials. Scores from age matched sets were combined for corresponding trial number to give a total score for each genotype. Total scores were then averaged across all trials (n ¼ 5) to determine the mean for each genotype. Genotypes were compared with the control using a 2-tailed Student's t-test in GraphPad Prism with a cut off of P ¼ 0.05 for determining significance.
Small RNA library generation and sequencing
Libraries for deep sequencing were prepared from total RNA using the Small RNA Expression Kit (SREK; Ambion, as per the Applied Biosystems protocol). Briefly, total RNA (300 ng) was ligated to SOLiD P1 and P2 adaptors. The resulting ligated RNAs were reverse transcribed followed by 15-18 cycles of PCR. The primers used in this PCR included a unique six nucleotide barcode for each sample. The products were resolved on an 8% polyacrylamide gel and the 105-150 base pair fraction (corresponding to small RNAs 16-61 nucleotides in length) was excised from the gel. The amplified PCR products were purified to yield a SOLiD small RNA library for emulsion PCR to generate clonally templated beads. A single emulsion PCR reaction was used to couple the barcoded libraries to P1-coated beads as per the standard Applied Biosystems protocol. After emulsion PCR, templated beads were enriched in a glycerol gradient and deposited onto the surface of a glass slides for SOLiD sequencing. Sequencing was performed using 35 bp chemistry on a Version 3.0 SOLiD machine.
Sequence analysis
For determining the number of trinucleotide repeat-containing reads, only exact matches were accepted. For example, the number of CAG repeat reads of length 21 can be determined via:
grep T21231231231231231231233302010303131 bc5.fasta | wc | head | less For other small RNA analyses, the SOLiD TM System Analysis Pipeline Tool (Corona Lite) (http://solidsoftwa retools.com/gf/project/corona/) was used to remove adapter dimers (25 seed, maximum 2 colour space mismatches) and subsequently to map reads to miRNA precursors (miRBase version 14) and the D. melanogaster genome (BDGP5.0; April 2006) with the following parameters (seed length.maximum errors in seed.maximum errors in extension):
Only reads which did not map at step n were included in step n + 1. If a read mapped to multiple locations, the longest alignment was selected; reads with multiple maximally long alignments were discarded. Reads mapping to microRNA precursors in miRBase were considered further if they matched the mature miR sequence or reported (or predicted) star sequence. To allow for isomiRs we accepted the match if it occurred within +3 nt at either the 5 ′ or 3 ′ ends. Reads mapping to the precursor that could be considered neither mature nor star (e.g. including the loop sequence) were discarded from further analyses. RNA deep sequencing data is deposited at NCBI's Sequencing Read Archive (http://www. ncbi.nlm.nih.gov/sra)
